We study the charge transfer dynamics between a silicon quantum dot and an individual phosphorous donor using the conduction through the quantum dot as a probe for the donor ionization state. We use a silicon n-MOSFET (metal oxide field effect transistor) biased near threshold in the SET regime with two side gates to control both the device conductance and the donor charge. Temperature and magnetic field independent tunneling time is measured. We measure the statistics of the transfer of electrons observed when the ground state D 0 of the donor is aligned with the SET states.
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the interaction of single donors in the channel of nanometer scaled silicon MOSFETs (metal oxide field effect transistors) with quantum dot states at low temperature. 5 Here, we achieve the transfer of an electron from the quantum dot to a donor in the vicinity of the channel by controlling multiple gates and detect the modification of the charge state by observing the current flowing in the transistor. In this work we improve the capability to detect the charge state of the donor and achieve real time detection of the charge state by employing an ad-hoc developed device design. While based on a working principle similar to what proposed in Ref. 6 , we focus on the development of a more simple and robust technology employing a single level of metallization and a substrate uniformly doped with phosphorous.
The separate control of multiple gates allow biasing the device in a region where the ionization of only one donor is energetically allowed. From time averaged traces of the capture and emission process we measure the average tunneling time that is observed to be independent on both temperature and magnetic field. The tunneling rates to and from the quantum dot reflect the internal energy level spectrum of the quantum dot and its occupation. As predicted, the capture process is measured to be sub-poissonian as required by the Coulomb blockade regime that allows the capture of only one electron in the donor. The experiments were performed on a silicon n-MOSFET with an engineered structure of gates. The device was realized with a standard process however, in contrast to what used for the realization of silicon quantum dots in other experiments, 4,9,10 the functionalities were obtained with only one level of metalization. A scanning electron microscope (SEM) image of a device nominally equal to the one here reported is shown in Figure 1 the quantum dot that are attributed to defects at the Si/SiO 2 interface; however the slope and relative position of the features attributed to the donors ionization were reproducible.
This allowed an unambiguous identification of the donors and, after each cool down cycle, is was possible to tune the device to characterize always the same donor. This required an adjustment of the bias point. The bold arrow in Figure 2 evidences the feature associated to the donor that has been characterized in detail. The features attributed to the charging of a single donor could not be observed on similar devices realized on p-type silicon substrates.
Both types of devices are based on a n-FET and are operated in the same bias range; consequently in both cases the channel interacts with defects with energy states close to the conduction band minimum and would show similar features if those were consequence of the trapping at defect states.
When the device is polarized in the quantum dot regime the change of the ionization state of a single donor can cause the complete blockade of the source/drain current. This situation is reported in the detail of the 2D gate scan acquired at 4.2 K in Figure 3 where the stability lines for the quantum dot and the donor are evidenced. The capacitive coupling between the donor and the quantum dot causes the shift of the quantum dot conduction line bringing the quantum dot out of the resonance line.
The lever arm factors to the quantum dot, α QD,gate(side) = dµ QD /dV g(side) , have been extracted near the bias point of Figure 4 (a) at the temperature of 300 mK from transport experiments (not shown here), while the arm factors to the donor, α donor,gate(side) = dµ donor /dV g(side) , were extracted from the thermal broadening of the ionization transition, assuming that the quantum dot has a quasi continuous distribution of states with an occupation given from the Fermi distribution, as described in Ref. 4 . The extracted values are reported in Table I and are compatible with the interpretation of the presence of a donor that is spatially separated from the quantum dot and more closely coupled to the side gates than to the main gate. In all the following experiments, we move the potential along one line on the V g , V side diagram, specified by the arrow in Figure 4 (a), and parallel to one of the Coulomb blockade peaks. The origin of the new axis is set so that conduction through the quantum dot is only allowed when the donor is ionized: in this condition the average current through the quantum dot is proportional to the average occupancy of the donor.
The new V x bias is proportional to the energy detuning, ∆E, between the quantum dot and the donor, while moving along this axis keeps the quantum dot chemical potential fixed.
The lever arm factor to the donor is α QD,x = ∆E/V x = (0.009 ± 0.001) eV/V.
The average tunneling times to and from the donor at large bias detuning (|∆E| ≫ k B T ) are measured by switching the bias to allow the capture and release of one electron and measuring the current through the quantum dot. Averaging several acquisitions the exponential decay of the current, and thus of the donor occupancy, is reconstructed, as reported in Figure 4 (b). The decay time extracted from the single exponential fit of the current is reported in Figure 4 (c) and Figure 4 (d), and it results to be largely independent on both temperature and magnetic field, proving that transfer of the electron is through elastic tunneling between states with the same spin projection along the magnetic field direction. 
By sweeping the V x control voltage, we vary ∆E and the relative occupancies of the empty (high current) and occupied (current blocked) states. The experimental tunneling rates, together with a fit according to Eq. 1 are reported in Figure 5 tron system of T = 1.2 K, higher than the refrigerator temperature of 300 mK. Because of the weak electron-phonon coupling the electron temperature is generally different from the nominal temperature of the 3 He bath and of the crystal: this has been observed both in our system on different devices 14, 15 as well as in other systems. 4 The oscillation of the value of the tunnel rates, evidenced by the arrows in Figure 5 (b), can be attributed to the discrete spectrum of energy levels in the quantum dot: from the period of the oscillation and the previously determined lever arm factor the energy separation can be roughly estimated to be 300 µeV. In a harmonic potential well ∆E =h 2 m * −1 t l −2 where m * t is the effective transverse electron mass and l is the wavefunction extension. From this equation we obtain an effective dot size of 36 nm. Because of the confining potential of the dot is induced by charge defect at the Si/SiO 2 interface this number should be compared with the expected defect density.
A 36 nm linear distance between defects would correspond to an areal density of 8 × 10 10 cm −2 which is compatible with the technology used.
From the real time traces we also extract the first and second order statistics of the tunnel-ing process. The analysis, in the framework of the full counting statistics, is performed by measuring the probability function of finding n transitions in a given time t 0 and calculating the first and second order moments as in Ref. 13 :
where <...> t represents the average over time. The first moment m 1 of the probability distribution corresponds to the average number of transitions per unit time, while the second moment m 2 is the variance of the probability distribution. In a perfectly Poissonian process, with no correlation between the occurrence of two subsequent events, the Fano factor F = m 2 /m 1 , is always unitary. This value can be modified by the occurrence of some degree of correlation. One notable case is that of electrons tunneling in and out of quantum dots in which, due to the Coulomb blockade, only one electron at a time can be confined. 8 In such systems the Fano factor depends on ∆E as:
where β = 2f (∆E/kT ) − 1 and f (x) is the Fermi-Dirac distribution. This value reaches its minimum at ∆E = 0, where τ e = τ c and F = m 2 /m 1 = 0.5. In Figure 5c and 5d we report the values for m 1 and the Fano factor extracted from the reconstructed RTS traces together with the values calculated from Eq. 4 with the same parameters extracted from the fit of the tunneling rates.
Concluding, we have analyzed the dynamic charge transfer between a quantum dot and a single donor atom in a silicon device. The real time occupancy of the donor was extracted from the current flowing through the quantum dot. The device, consisting in a silicon n-MOSFET, allowed the real time measurement of the charge state of neighboring donors.
We studied the interaction with one of the donors with tunneling time in the order of 1 × 10 −4 s. The tunneling rate is found to be independent on the temperature, indicating elastic tunneling processes. RTS traces were measured near the energy equilibrium point, where electrons are continuously exchanged between the quantum dot and the donor. The tunneling rates to and from the quantum dot reflect the thermally broadened occupation of the energy levels in the quantum dot. As predicted the capture process is measured to be sub-poissonian as required by the Coulomb blockade regime that allows the capture of only one electron in the donor.
